We investigated the role of glutathione (GSH) in stomatal movements using a GSH deficient mutant, chlorinal-1 (ch1-1). Guard cells of ch1-1 mutants accumulated less GSH than wild types did. Light induced stomatal opening in ch1-1 and wild-type plants. Abscisic acid (ABA) induced stomatal closure in ch1-1 mutants more than wild types without enhanced reactive oxygen species (ROS) production. Therefore, GSH functioned downstream of ROS production in the ABA signaling cascade.
The stomatal pore, surrounded by a pair of guard cells, regulates water loss and CO 2 uptake in leaves. [1] [2] [3] [4] ABA induces stomatal closure, which suppresses water loss, leading to the tolerance of plants to stress conditions. 2,3) Light induces stomatal opening, which allows CO 2 uptake. 4) GSH regulates many bio-functions through the concentration and/or redox state of GSH pools.
5) The ch1-1 mutant lacks the light-harvesting protein of photosystem II (PSII), and receives photosynthetic light by a limited number of chlorophyll a in the PSII core complex, and shows lower GSH levels than wild types. 6) Although many studies have been done on stomatal movements, only a little attention has been paid to redox regulation of GSH in guard cells. We investigated the effect of GSH levels on stomatal movements, ABA-induced stomatal closure, and lightinduced stomatal opening.
Experimental. Arabidopsis wild-type, ecotype Columbia, and ch1-1 (Columbia accession; CH1, At1g44446) plants were grown as described previously. [7] [8] [9] The GSH contents in guard cells were examined as to fluorescence intensity using monochlorobimane (MCB), which reacts with GSH to form membrane-impermeable glutathione S-bimane (GSB). 10) Stomatal aperture was measured as described previously. [7] [8] [9] ROS production in the guard cells was examined using 2 0 ,7 0 -dichlorodihydrofluorescein diacetate (H 2 DCF-DA). [7] [8] [9] The significance of differences between data sets was assessed by Student's t-test analysis, with differences at the level of P < 0:05 considered significant.
Stomatal movements in ch1-1 mutant plants. We investigated involvement of GSH in stomatal movement using a GSH deficient mutant, ch1-1. MCB staining showed significantly smaller amounts of GSH in guard cells of the ch1-1 mutant than in the wild type (Fig. 1A) . Light induced stomatal opening in the ch1-1 mutant as in the wild type in a time-dependent manner (Fig. 1B) . However, ABA induced significantly more stomatal closure in the ch1-1 mutant than the wild type in a time and dose dependent manner ( Fig. 1C and D) . Based on these results, we speculate that the ch1-1 mutation facilitates ABA-induced stomatal closure through a reduction of GSH in the guard cells. That the stomatal aperture of ch1-1 was smaller than that of the wild type regardless of exogenous ABA might be attributable to this difference in sensitivity to endogenous ABA.
Effect of application of GSHmee on ABA-induced stomatal closure in ch1-1. We chemically increased the GSH contents in ch1-1 guard cells using GSH monoethyl ester (GSHmee) to further investigate the involvement of GSH in ABA-induced stomatal closure. GSHmee is incorporated into cells and then is hydrolyzed to release free GSH in the cells. Treatment with 10 mM GSHmee increased the GSH content in ch1-1 mutant guard cells ( Fig. 2A) to the same level as y To whom correspondence should be addressed. Tel: +81-86-251-8310; Fax: +81-86-251-8388; E-mail: muta@cc.okayama-u.ac.jp Abbreviations: ABA, abscisic acid; ch1-1, chlorinal-1; GSH, glutathione; GSHmee, GSH monoethyl ester; ROS, reactive oxygen species in wild-type guard cells (Fig. 2B) . Treatment with GSHmee widened the stomatal apertures of the ch1-1 mutant plants regardless of the application of ABA (Fig. 2C) . Treatment with GSHmee widened the stomatal apertures of wild-type plants less than those of ch1-1 mutant plants regardless of the application ABA (Fig. 2D) . Application of GSH did not alter stomatal aperture (data not shown). These results also suggest that the ch1-1 mutation decreases the intracellular GSH level, facilitating ABA-induced stomatal closure. However, stomatal movement in the GSHmee-treated ch1-1 mutants was not completely equivalent to that in the wild-type plants, suggesting that depletion of ATP in ch1-1 can be attributed to this difference. 6) ROS production in ch1-1 guard cells. Reactive oxygen species (ROS) function as a second messenger in the ABA signaling cascade in guard cells. [7] [8] [9] To determine how GSH functions in ABA-induced stomatal closure, ABA-induced ROS production in ch1-1 guard cells was assessed. ABA-induced ROS production in ch1-1 mutants was equivalent to that in wild-type plants (Fig. 3) . Increments of GSH due to GSHmee application did not affect ABA-induced ROS production (data not shown). This indicates that GSH is not involved in ABA-induced ROS production in spite of the fact that the ch1-1 mutant is one of photosynthetic mutants closed related to ROS production. 6) However, since ABA-induced ROS production is mediated by plasma membrane NAD(P)H oxidases, 11) these results are consistent.
Glutathione peroxidases (GPXs) are key enzymes involved in the scavenging of oxyradicals in animal cells, 12) but glutathione peroxidases AtGPX1, 2, 3, 5 and 6 function to reduce H 2 O 2 and organic hydroperoxides, using thioredoxin but not glutathione as an electron donor, 13, 14) suggesting that GSH does not contribute to the scavenging of ROS via GPX.
Physiological significance. These results indicate that GSH is involved in ABA-induced stomatal closure, but not in light-induced stomatal opening. Deficient GSH did not significantly increase ABA-induced ROS production in the guard cells (Fig. 3) , which indicates that GSH does not affect ROS production. ABI1 is a protein phosphatase 2C that functions upstream of ROS production in the ABA signal cascade. That is, ABA does not induce ROS production and fail to induce stomatal closure in abi1-1. guard cells of the abi1-1 mutants (data not shown). These results suggest that GSH modulates signaling factors downstream of ROS production in ABA signaling in guard cells. ABA-induced ROS production in guard cells of ch1-1 (closed bar, n ¼ 136) and wild-type plants (open bar, n ¼ 154) was measured using H 2 DCF-DA. The vertical scale represents the percentages of H 2 DCF-DA fluorescent levels when the fluorescent intensities of ABA-treated cells were normalized to the control value, taken to be 100% for each experiment. Error bars represents standard deviation.
